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• Pion and kaon form-factors
X. Gao, N. Karthik, S. Mukherjee, PP, S. Syritsyn, Y. Zhao, PRD104 (2021) 114515, and work in progress  

What is the internal structure of the pseudo-scalar mesons, and how it is related to their
Goldstone boson nature ? Very well suited for lQCD
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• Pion distribution amplitude (DA)
X. Gao, A.D. Hanlon, N. Karthik, S. Mukherjee, PP, P. Scior, S. Syritsyn, Y. Zhao, arXiv:2207.04084



Lattice QCD setup 
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Pf = P = Pi + q
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2+1 flavor HISQ (HotQCD) lattices, pions boosted along the z-direction

HYP smeared clover action for valence quarks, mval
⇡ ' 300 MeV

48
3 ⇥ 64, a = 0.06 fm, Pmax

z = 2.15 GeV, 64
4
, a = 0.04 fm, Pmax

z = 2.40 GeV
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644, a = 0.076 fm, m⇡ = 140 MeV, Pmax
z = 2GeV

<latexit sha1_base64="sxSU4WtI5ucHJ8k7NMnmNbLHxPk=">AAACLnicdZBPS8MwGMZT/875b+rRS3AIHsZox5xeBoKIXoQJbgprV9Is1bCkLUkqztJ9IS9+FT0IKuLVj2G2daCiDwQefu/7JnkfL2JUKtN8MaamZ2bn5nML+cWl5ZXVwtp6S4axwKSJQxaKSw9JwmhAmooqRi4jQRD3GLnweofD+sUNEZKGwbnqR8Th6CqgPsVIaeQWjmrVTrU0QHWzbO7VBoktOPR5WhpwN7Ejmtatqjmmp6 SlccO96yQc3aawDisjfqy5Wyia5V1zKKgvmpiMWBkpgkwNt/Bkd0MccxIozJCUbcuMlJMgoShmJM3bsSQRwj10RdraBogT6SSjdVO4rUkX+qHQJ1BwRL9PJIhL2eee7uRIXcvftSH8q9aOlb/vJDSIYkUCPH7IjxlUIRxmB7tUEKxYXxuEBdV/hfgaCYSVTjivQ5hsCv83rUrZ0v6sWjyoZHHkwCbYAjvAAnvgAJyABmgCDO7BI3gFb8aD8Wy8Gx/j1ikjm9kAP2R8fgF4kqb7</latexit><latexit sha1_base64="sxSU4WtI5ucHJ8k7NMnmNbLHxPk=">AAACLnicdZBPS8MwGMZT/875b+rRS3AIHsZox5xeBoKIXoQJbgprV9Is1bCkLUkqztJ9IS9+FT0IKuLVj2G2daCiDwQefu/7JnkfL2JUKtN8MaamZ2bn5nML+cWl5ZXVwtp6S4axwKSJQxaKSw9JwmhAmooqRi4jQRD3GLnweofD+sUNEZKGwbnqR8Th6CqgPsVIaeQWjmrVTrU0QHWzbO7VBoktOPR5WhpwN7Ejmtatqjmmp6 SlccO96yQc3aawDisjfqy5Wyia5V1zKKgvmpiMWBkpgkwNt/Bkd0MccxIozJCUbcuMlJMgoShmJM3bsSQRwj10RdraBogT6SSjdVO4rUkX+qHQJ1BwRL9PJIhL2eee7uRIXcvftSH8q9aOlb/vJDSIYkUCPH7IjxlUIRxmB7tUEKxYXxuEBdV/hfgaCYSVTjivQ5hsCv83rUrZ0v6sWjyoZHHkwCbYAjvAAnvgAJyABmgCDO7BI3gFb8aD8Wy8Gx/j1ikjm9kAP2R8fgF4kqb7</latexit><latexit sha1_base64="sxSU4WtI5ucHJ8k7NMnmNbLHxPk=">AAACLnicdZBPS8MwGMZT/875b+rRS3AIHsZox5xeBoKIXoQJbgprV9Is1bCkLUkqztJ9IS9+FT0IKuLVj2G2daCiDwQefu/7JnkfL2JUKtN8MaamZ2bn5nML+cWl5ZXVwtp6S4axwKSJQxaKSw9JwmhAmooqRi4jQRD3GLnweofD+sUNEZKGwbnqR8Th6CqgPsVIaeQWjmrVTrU0QHWzbO7VBoktOPR5WhpwN7Ejmtatqjmmp6 SlccO96yQc3aawDisjfqy5Wyia5V1zKKgvmpiMWBkpgkwNt/Bkd0MccxIozJCUbcuMlJMgoShmJM3bsSQRwj10RdraBogT6SSjdVO4rUkX+qHQJ1BwRL9PJIhL2eee7uRIXcvftSH8q9aOlb/vJDSIYkUCPH7IjxlUIRxmB7tUEKxYXxuEBdV/hfgaCYSVTjivQ5hsCv83rUrZ0v6sWjyoZHHkwCbYAjvAAnvgAJyABmgCDO7BI3gFb8aD8Wy8Gx/j1ikjm9kAP2R8fgF4kqb7</latexit><latexit sha1_base64="sxSU4WtI5ucHJ8k7NMnmNbLHxPk=">AAACLnicdZBPS8MwGMZT/875b+rRS3AIHsZox5xeBoKIXoQJbgprV9Is1bCkLUkqztJ9IS9+FT0IKuLVj2G2daCiDwQefu/7JnkfL2JUKtN8MaamZ2bn5nML+cWl5ZXVwtp6S4axwKSJQxaKSw9JwmhAmooqRi4jQRD3GLnweofD+sUNEZKGwbnqR8Th6CqgPsVIaeQWjmrVTrU0QHWzbO7VBoktOPR5WhpwN7Ejmtatqjmmp6 SlccO96yQc3aawDisjfqy5Wyia5V1zKKgvmpiMWBkpgkwNt/Bkd0MccxIozJCUbcuMlJMgoShmJM3bsSQRwj10RdraBogT6SSjdVO4rUkX+qHQJ1BwRL9PJIhL2eee7uRIXcvftSH8q9aOlb/vJDSIYkUCPH7IjxlUIRxmB7tUEKxYXxuEBdV/hfgaCYSVTjivQ5hsCv83rUrZ0v6sWjyoZHHkwCbYAjvAAnvgAJyABmgCDO7BI3gFb8aD8Wy8Gx/j1ikjm9kAP2R8fgF4kqb7</latexit>

Boosted sources
Bali et al, PRD 93 (‘16) 094515
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C3pt(P
f
,Pi

, ⌧, ts) =
⌦
⇡s(P

f
, ts)O�t(⌧)⇡

†
s(P

i
, 0)

↵
<latexit sha1_base64="+TFE7yapxhyr5ywhMV0F6BZBjFw="></latexit><latexit sha1_base64="+TFE7yapxhyr5ywhMV0F6BZBjFw="></latexit><latexit sha1_base64="+TFE7yapxhyr5ywhMV0F6BZBjFw="></latexit><latexit sha1_base64="+TFE7yapxhyr5ywhMV0F6BZBjFw="></latexit>

Iso-vector, 
no disconnected
diagrams

PDF, 
Form factor

ME = lim
ts!1,⌧!1

R(⌧, ts), Rfi ⇠ 3pt

2pt
<latexit sha1_base64="Sb+/43NK34Z+tRIho1w/SWKaxWs="></latexit><latexit sha1_base64="Sb+/43NK34Z+tRIho1w/SWKaxWs="></latexit><latexit sha1_base64="Sb+/43NK34Z+tRIho1w/SWKaxWs="></latexit><latexit sha1_base64="Sb+/43NK34Z+tRIho1w/SWKaxWs="></latexit>

Extrapolation is done using 2 and 3 exp. Fits
With energy levels from 2pt functions

O�(z) =


u(z)�W (z, 0)u(0)� d(z)�W (z, 0)d(0)

�

<latexit sha1_base64="dmtY4PPViFELkmQKnmvoV0bdlm0=">AAACSnicbVBLSwMxGMzWqrW+qh69BIvQgpZdEfQiFDzozQr2Ad2lfJtNa2iyuyRZoS79fV48efNHePGgiBezbcFHHQgMM/N9ScaPOVPatp+t3EJ+cWm5sFJcXVvf2CxtbbdUlEhCmyTikez4oChnIW1qpjntxJKC8Dlt+8PzzG/fUalYFN7oUUw9AYOQ9RkBbaReCa56qXsBQsC4cl89K7o+GwzS7tiNzFS2NE0yYxrB7cr9gV 3FScWuHn4ngrlEYAJ4ssor9kplu2ZPgOeJMyNlNEOjV3pyg4gkgoaacFCq69ix9lKQmhFOx0U3UTQGMoQB7RoagqDKSydVjPG+UQLcj6Q5ocYT9edECkKpkfBNUoC+VX+9TPzP6ya6f+qlLIwTTUMyvaifcKwjnPWKAyYp0XxkCBDJzFsxuQUJRJv2sxKcv1+eJ62jmmP49XG5fjSro4B20R6qIAedoDq6RA3URAQ9oBf0ht6tR+vV+rA+p9GcNZvZQb+Qy38BSEqv4g==</latexit><latexit sha1_base64="dmtY4PPViFELkmQKnmvoV0bdlm0=">AAACSnicbVBLSwMxGMzWqrW+qh69BIvQgpZdEfQiFDzozQr2Ad2lfJtNa2iyuyRZoS79fV48efNHePGgiBezbcFHHQgMM/N9ScaPOVPatp+t3EJ+cWm5sFJcXVvf2CxtbbdUlEhCmyTikez4oChnIW1qpjntxJKC8Dlt+8PzzG/fUalYFN7oUUw9AYOQ9RkBbaReCa56qXsBQsC4cl89K7o+GwzS7tiNzFS2NE0yYxrB7cr9gV 3FScWuHn4ngrlEYAJ4ssor9kplu2ZPgOeJMyNlNEOjV3pyg4gkgoaacFCq69ix9lKQmhFOx0U3UTQGMoQB7RoagqDKSydVjPG+UQLcj6Q5ocYT9edECkKpkfBNUoC+VX+9TPzP6ya6f+qlLIwTTUMyvaifcKwjnPWKAyYp0XxkCBDJzFsxuQUJRJv2sxKcv1+eJ62jmmP49XG5fjSro4B20R6qIAedoDq6RA3URAQ9oBf0ht6tR+vV+rA+p9GcNZvZQb+Qy38BSEqv4g==</latexit><latexit sha1_base64="dmtY4PPViFELkmQKnmvoV0bdlm0=">AAACSnicbVBLSwMxGMzWqrW+qh69BIvQgpZdEfQiFDzozQr2Ad2lfJtNa2iyuyRZoS79fV48efNHePGgiBezbcFHHQgMM/N9ScaPOVPatp+t3EJ+cWm5sFJcXVvf2CxtbbdUlEhCmyTikez4oChnIW1qpjntxJKC8Dlt+8PzzG/fUalYFN7oUUw9AYOQ9RkBbaReCa56qXsBQsC4cl89K7o+GwzS7tiNzFS2NE0yYxrB7cr9gV 3FScWuHn4ngrlEYAJ4ssor9kplu2ZPgOeJMyNlNEOjV3pyg4gkgoaacFCq69ix9lKQmhFOx0U3UTQGMoQB7RoagqDKSydVjPG+UQLcj6Q5ocYT9edECkKpkfBNUoC+VX+9TPzP6ya6f+qlLIwTTUMyvaifcKwjnPWKAyYp0XxkCBDJzFsxuQUJRJv2sxKcv1+eJ62jmmP49XG5fjSro4B20R6qIAedoDq6RA3URAQ9oBf0ht6tR+vV+rA+p9GcNZvZQb+Qy38BSEqv4g==</latexit><latexit sha1_base64="dmtY4PPViFELkmQKnmvoV0bdlm0=">AAACSnicbVBLSwMxGMzWqrW+qh69BIvQgpZdEfQiFDzozQr2Ad2lfJtNa2iyuyRZoS79fV48efNHePGgiBezbcFHHQgMM/N9ScaPOVPatp+t3EJ+cWm5sFJcXVvf2CxtbbdUlEhCmyTikez4oChnIW1qpjntxJKC8Dlt+8PzzG/fUalYFN7oUUw9AYOQ9RkBbaReCa56qXsBQsC4cl89K7o+GwzS7tiNzFS2NE0yYxrB7cr9gV 3FScWuHn4ngrlEYAJ4ssor9kplu2ZPgOeJMyNlNEOjV3pyg4gkgoaacFCq69ix9lKQmhFOx0U3UTQGMoQB7RoagqDKSydVjPG+UQLcj6Q5ocYT9edECkKpkfBNUoC+VX+9TPzP6ya6f+qlLIwTTUMyvaifcKwjnPWKAyYp0XxkCBDJzFsxuQUJRJv2sxKcv1+eJ62jmmP49XG5fjSro4B20R6qIAedoDq6RA3URAQ9oBf0ht6tR+vV+rA+p9GcNZvZQb+Qy38BSEqv4g==</latexit>

Cpt�split(P
i
, ts) =

⌦
O�5�3(ts)⇡

†
s(P

i
, 0)

↵
<latexit sha1_base64="OI/x0TFHgSbwdxBk3F6vFWRM5Rs=">AAACXnicbVHPa9RAFJ5ErXVr7aoXwcvgImxBS1IVvQiFXry5gtsWdrbhZfYlO3RmEmZehCXkn/QmXvxTnGxzsK0PBj6+971f3+S1Vp6S5FcU37v/YOfh7qPR3uP9Jwfjp8/OfNU4iXNZ6cpd5OBRK4tzUqTxonYIJtd4nl+d9vnzH+i8qux32tS4NFBaVSgJFKhs3JxmrXCG1/TWh3nUTYUBWudFO+su1RvK/OFnobEgocGWGv nXoC/BGMg+8AG866a9jotaZf5SrKAs0d3skxwKp8o1Cbftko0nyVGyDX4XpAOYsCFm2finWFWyMWhJavB+kSY1LVtwpKTGbiQajzXIKyhxEaAFg37Zbu3p+OvArHhRufAs8S37b0ULxvuNyYOy39nfzvXk/3KLhopPy1bZuiG08npQ0WhOFe+95ivlUJLeBADSqbArl2twICn8yCiYkN4++S44Oz5KA/72fnJyPNixy16yV2zKUvaRnbAvbMbmTLLfURSNor3oT7wT78cH19I4GmqesxsRv/gLWxy1ng==</latexit><latexit sha1_base64="OI/x0TFHgSbwdxBk3F6vFWRM5Rs=">AAACXnicbVHPa9RAFJ5ErXVr7aoXwcvgImxBS1IVvQiFXry5gtsWdrbhZfYlO3RmEmZehCXkn/QmXvxTnGxzsK0PBj6+971f3+S1Vp6S5FcU37v/YOfh7qPR3uP9Jwfjp8/OfNU4iXNZ6cpd5OBRK4tzUqTxonYIJtd4nl+d9vnzH+i8qux32tS4NFBaVSgJFKhs3JxmrXCG1/TWh3nUTYUBWudFO+su1RvK/OFnobEgocGWGv nXoC/BGMg+8AG866a9jotaZf5SrKAs0d3skxwKp8o1Cbftko0nyVGyDX4XpAOYsCFm2finWFWyMWhJavB+kSY1LVtwpKTGbiQajzXIKyhxEaAFg37Zbu3p+OvArHhRufAs8S37b0ULxvuNyYOy39nfzvXk/3KLhopPy1bZuiG08npQ0WhOFe+95ivlUJLeBADSqbArl2twICn8yCiYkN4++S44Oz5KA/72fnJyPNixy16yV2zKUvaRnbAvbMbmTLLfURSNor3oT7wT78cH19I4GmqesxsRv/gLWxy1ng==</latexit><latexit sha1_base64="OI/x0TFHgSbwdxBk3F6vFWRM5Rs=">AAACXnicbVHPa9RAFJ5ErXVr7aoXwcvgImxBS1IVvQiFXry5gtsWdrbhZfYlO3RmEmZehCXkn/QmXvxTnGxzsK0PBj6+971f3+S1Vp6S5FcU37v/YOfh7qPR3uP9Jwfjp8/OfNU4iXNZ6cpd5OBRK4tzUqTxonYIJtd4nl+d9vnzH+i8qux32tS4NFBaVSgJFKhs3JxmrXCG1/TWh3nUTYUBWudFO+su1RvK/OFnobEgocGWGv nXoC/BGMg+8AG866a9jotaZf5SrKAs0d3skxwKp8o1Cbftko0nyVGyDX4XpAOYsCFm2finWFWyMWhJavB+kSY1LVtwpKTGbiQajzXIKyhxEaAFg37Zbu3p+OvArHhRufAs8S37b0ULxvuNyYOy39nfzvXk/3KLhopPy1bZuiG08npQ0WhOFe+95ivlUJLeBADSqbArl2twICn8yCiYkN4++S44Oz5KA/72fnJyPNixy16yV2zKUvaRnbAvbMbmTLLfURSNor3oT7wT78cH19I4GmqesxsRv/gLWxy1ng==</latexit><latexit sha1_base64="OI/x0TFHgSbwdxBk3F6vFWRM5Rs=">AAACXnicbVHPa9RAFJ5ErXVr7aoXwcvgImxBS1IVvQiFXry5gtsWdrbhZfYlO3RmEmZehCXkn/QmXvxTnGxzsK0PBj6+971f3+S1Vp6S5FcU37v/YOfh7qPR3uP9Jwfjp8/OfNU4iXNZ6cpd5OBRK4tzUqTxonYIJtd4nl+d9vnzH+i8qux32tS4NFBaVSgJFKhs3JxmrXCG1/TWh3nUTYUBWudFO+su1RvK/OFnobEgocGWGv nXoC/BGMg+8AG866a9jotaZf5SrKAs0d3skxwKp8o1Cbftko0nyVGyDX4XpAOYsCFm2finWFWyMWhJavB+kSY1LVtwpKTGbiQajzXIKyhxEaAFg37Zbu3p+OvArHhRufAs8S37b0ULxvuNyYOy39nfzvXk/3KLhopPy1bZuiG08npQ0WhOFe+95ivlUJLeBADSqbArl2twICn8yCiYkN4++S44Oz5KA/72fnJyPNixy16yV2zKUvaRnbAvbMbmTLLfURSNor3oT7wT78cH19I4GmqesxsRv/gLWxy1ng==</latexit>

Pion DA
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LaMET and pion PDF 

f̃v(x, P
z
, µ) =

Z
dz

2⇡
e
ixP zz

h̃(z, P z
, µ) h̃(z, P z

, µ) ⌘ hP |O�t(z)|P i/(2P t), Pµ = (P t
, 0, 0, P z)

<latexit sha1_base64="RT3Vqs4ZPMCoNHp6p1iQkj2mYAc="></latexit><latexit sha1_base64="RT3Vqs4ZPMCoNHp6p1iQkj2mYAc="></latexit><latexit sha1_base64="RT3Vqs4ZPMCoNHp6p1iQkj2mYAc="></latexit><latexit sha1_base64="RT3Vqs4ZPMCoNHp6p1iQkj2mYAc="></latexit>

fv(x, µ) =

Z 1

�1

dy

|y|
C�1

✓
x

y
,

µ

yP z

◆
f̃v(y, P

z, µ) +O

⇣ ⇤2
QCD

(xP z)2
,

⇤2
QCD

((1� x)P z)2

⌘

<latexit sha1_base64="GjOSA5RAwi28p7imk6MUR/vW02c=">AAAC3HichVJLbxMxEPYurxJeKRy5GCKkRCRVNkKiF6SKcOCARCqRtihOVo7Xm1j1PmTPVru4FhcOIMSVH8aN38EfwJvsAVokRrL8eb5vZjxjL3MpNAyHPz3/ytVr12/s3Gzdun3n7r327v0jnRWK8SnLZKZOllRzKVI+BQGSn+SK02Qp+fHydFzzx2dcaZGl76DK+Tyhq1TEglFwrrD9Kw7PumUfk6TovcBEpBCagdtiqOzCNA CTWFFmosqa8+rcHfF4YQaBJY+I5DF0t3RpTWX7jdblc8fJ4oMlSqzW0MMEhIw4rutVfUf065K49RSTTRdG8chiQxiV+K0lL8WqSUveuG4iGhoCvARzOH5l7WJkTbd0SXoO9f+j6waDstdo67y9sN0Z7g03hi+DoAEd1NgkbP8gUcaKhKfAJNV6FgxzmBuqQDDJbYsUmueUndIVnzmY0oTrudm0ZfET54lwnCm3UsAb758RhiZaV8nSKRMKa32Rq53/4mYFxPtzI9K8AJ6ybaG4kBgyXL80joTiDGTlAGVKuLtitqZuVOD+Q8sNIbjY8mVwNNoLHD581jkYNePYQQ/RY9RFAXqODtBrNEFTxLz33kfvs/fFX/if/K/+t63U95qYB+gv87//BszS5ik=</latexit><latexit sha1_base64="GjOSA5RAwi28p7imk6MUR/vW02c=">AAAC3HichVJLbxMxEPYurxJeKRy5GCKkRCRVNkKiF6SKcOCARCqRtihOVo7Xm1j1PmTPVru4FhcOIMSVH8aN38EfwJvsAVokRrL8eb5vZjxjL3MpNAyHPz3/ytVr12/s3Gzdun3n7r327v0jnRWK8SnLZKZOllRzKVI+BQGSn+SK02Qp+fHydFzzx2dcaZGl76DK+Tyhq1TEglFwrrD9Kw7PumUfk6TovcBEpBCagdtiqOzCNA CTWFFmosqa8+rcHfF4YQaBJY+I5DF0t3RpTWX7jdblc8fJ4oMlSqzW0MMEhIw4rutVfUf065K49RSTTRdG8chiQxiV+K0lL8WqSUveuG4iGhoCvARzOH5l7WJkTbd0SXoO9f+j6waDstdo67y9sN0Z7g03hi+DoAEd1NgkbP8gUcaKhKfAJNV6FgxzmBuqQDDJbYsUmueUndIVnzmY0oTrudm0ZfET54lwnCm3UsAb758RhiZaV8nSKRMKa32Rq53/4mYFxPtzI9K8AJ6ybaG4kBgyXL80joTiDGTlAGVKuLtitqZuVOD+Q8sNIbjY8mVwNNoLHD581jkYNePYQQ/RY9RFAXqODtBrNEFTxLz33kfvs/fFX/if/K/+t63U95qYB+gv87//BszS5ik=</latexit><latexit sha1_base64="GjOSA5RAwi28p7imk6MUR/vW02c=">AAAC3HichVJLbxMxEPYurxJeKRy5GCKkRCRVNkKiF6SKcOCARCqRtihOVo7Xm1j1PmTPVru4FhcOIMSVH8aN38EfwJvsAVokRrL8eb5vZjxjL3MpNAyHPz3/ytVr12/s3Gzdun3n7r327v0jnRWK8SnLZKZOllRzKVI+BQGSn+SK02Qp+fHydFzzx2dcaZGl76DK+Tyhq1TEglFwrrD9Kw7PumUfk6TovcBEpBCagdtiqOzCNA CTWFFmosqa8+rcHfF4YQaBJY+I5DF0t3RpTWX7jdblc8fJ4oMlSqzW0MMEhIw4rutVfUf065K49RSTTRdG8chiQxiV+K0lL8WqSUveuG4iGhoCvARzOH5l7WJkTbd0SXoO9f+j6waDstdo67y9sN0Z7g03hi+DoAEd1NgkbP8gUcaKhKfAJNV6FgxzmBuqQDDJbYsUmueUndIVnzmY0oTrudm0ZfET54lwnCm3UsAb758RhiZaV8nSKRMKa32Rq53/4mYFxPtzI9K8AJ6ybaG4kBgyXL80joTiDGTlAGVKuLtitqZuVOD+Q8sNIbjY8mVwNNoLHD581jkYNePYQQ/RY9RFAXqODtBrNEFTxLz33kfvs/fFX/if/K/+t63U95qYB+gv87//BszS5ik=</latexit><latexit sha1_base64="GjOSA5RAwi28p7imk6MUR/vW02c=">AAAC3HichVJLbxMxEPYurxJeKRy5GCKkRCRVNkKiF6SKcOCARCqRtihOVo7Xm1j1PmTPVru4FhcOIMSVH8aN38EfwJvsAVokRrL8eb5vZjxjL3MpNAyHPz3/ytVr12/s3Gzdun3n7r327v0jnRWK8SnLZKZOllRzKVI+BQGSn+SK02Qp+fHydFzzx2dcaZGl76DK+Tyhq1TEglFwrrD9Kw7PumUfk6TovcBEpBCagdtiqOzCNA CTWFFmosqa8+rcHfF4YQaBJY+I5DF0t3RpTWX7jdblc8fJ4oMlSqzW0MMEhIw4rutVfUf065K49RSTTRdG8chiQxiV+K0lL8WqSUveuG4iGhoCvARzOH5l7WJkTbd0SXoO9f+j6waDstdo67y9sN0Z7g03hi+DoAEd1NgkbP8gUcaKhKfAJNV6FgxzmBuqQDDJbYsUmueUndIVnzmY0oTrudm0ZfET54lwnCm3UsAb758RhiZaV8nSKRMKa32Rq53/4mYFxPtzI9K8AJ6ybaG4kBgyXL80joTiDGTlAGVKuLtitqZuVOD+Q8sNIbjY8mVwNNoLHD581jkYNePYQQ/RY9RFAXqODtBrNEFTxLz33kfvs/fFX/if/K/+t63U95qYB+gv87//BszS5ik=</latexit>

1) Quasi-PDF approach (x-space matching):

Light cone PDF

calculable in perturbation theory, 
known to NNLO

2) Short distance factorization: 
Cn = 1 + ↵sC

(1)
n (µ2z2) + ...
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Wilson coefficients

1) And 2) are equivalent in the infinite momentum limit Pz ! 1
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� = zPz - Io↵e time; one needs large � to probe higher moments of PDF
<latexit sha1_base64="zBe9TYvP0N+g7W7S/HFZy6rVeBM=">AAACP3icdVDPSxtBGJ211mqqNm2PvXyYFLwoOzmYhFIQWkq9RTAxkIQwO/ttMmR+LDOzhRj8z7z4L/TWay89tIjX3jqrCWhpPxh4vPe+mXkvyaVwPo6/RWtP1p9uPNvcqjzf3tl9UX35qudMYTl2uZHG9hPmUAqNXS+8xH5ukalE4nky+1Dq51/QOmH0mZ/nOFJsokUmOPOBGld79aEM7pS9v4DO+KIOB3BisgzBC4XvwGgEjZ g6kMxOEFbuOngDuTUJwlRMpmhBGYXaOzAZdD5+Gldr8WEcx5RSKAFtHsUBtNutBm0BLaUwNbKczrj6dZgaXpR3cMmcG9A496MFs15wiZeVYeEwZ3zGJjgIUDOFbrS4y38JbwOTQmZsONrDHftwY8GUc3OVBKdifur+1kryX9qg8FlrtBA6Lzxqfv9QVsgyfFkmpMIi93IeAONWhL8CnzLLuA+VV0IJq6Twf9BrHNKATxu148ayjk3yhuyRfUJJkxyTz6RDuoSTK/Kd/CS/ouvoR3QT3d5b16LlzmvyaKLffwBOZq1V</latexit><latexit sha1_base64="zBe9TYvP0N+g7W7S/HFZy6rVeBM=">AAACP3icdVDPSxtBGJ211mqqNm2PvXyYFLwoOzmYhFIQWkq9RTAxkIQwO/ttMmR+LDOzhRj8z7z4L/TWay89tIjX3jqrCWhpPxh4vPe+mXkvyaVwPo6/RWtP1p9uPNvcqjzf3tl9UX35qudMYTl2uZHG9hPmUAqNXS+8xH5ukalE4nky+1Dq51/QOmH0mZ/nOFJsokUmOPOBGld79aEM7pS9v4DO+KIOB3BisgzBC4XvwGgEjZ g6kMxOEFbuOngDuTUJwlRMpmhBGYXaOzAZdD5+Gldr8WEcx5RSKAFtHsUBtNutBm0BLaUwNbKczrj6dZgaXpR3cMmcG9A496MFs15wiZeVYeEwZ3zGJjgIUDOFbrS4y38JbwOTQmZsONrDHftwY8GUc3OVBKdifur+1kryX9qg8FlrtBA6Lzxqfv9QVsgyfFkmpMIi93IeAONWhL8CnzLLuA+VV0IJq6Twf9BrHNKATxu148ayjk3yhuyRfUJJkxyTz6RDuoSTK/Kd/CS/ouvoR3QT3d5b16LlzmvyaKLffwBOZq1V</latexit><latexit sha1_base64="zBe9TYvP0N+g7W7S/HFZy6rVeBM=">AAACP3icdVDPSxtBGJ211mqqNm2PvXyYFLwoOzmYhFIQWkq9RTAxkIQwO/ttMmR+LDOzhRj8z7z4L/TWay89tIjX3jqrCWhpPxh4vPe+mXkvyaVwPo6/RWtP1p9uPNvcqjzf3tl9UX35qudMYTl2uZHG9hPmUAqNXS+8xH5ukalE4nky+1Dq51/QOmH0mZ/nOFJsokUmOPOBGld79aEM7pS9v4DO+KIOB3BisgzBC4XvwGgEjZ g6kMxOEFbuOngDuTUJwlRMpmhBGYXaOzAZdD5+Gldr8WEcx5RSKAFtHsUBtNutBm0BLaUwNbKczrj6dZgaXpR3cMmcG9A496MFs15wiZeVYeEwZ3zGJjgIUDOFbrS4y38JbwOTQmZsONrDHftwY8GUc3OVBKdifur+1kryX9qg8FlrtBA6Lzxqfv9QVsgyfFkmpMIi93IeAONWhL8CnzLLuA+VV0IJq6Twf9BrHNKATxu148ayjk3yhuyRfUJJkxyTz6RDuoSTK/Kd/CS/ouvoR3QT3d5b16LlzmvyaKLffwBOZq1V</latexit><latexit sha1_base64="zBe9TYvP0N+g7W7S/HFZy6rVeBM=">AAACP3icdVDPSxtBGJ211mqqNm2PvXyYFLwoOzmYhFIQWkq9RTAxkIQwO/ttMmR+LDOzhRj8z7z4L/TWay89tIjX3jqrCWhpPxh4vPe+mXkvyaVwPo6/RWtP1p9uPNvcqjzf3tl9UX35qudMYTl2uZHG9hPmUAqNXS+8xH5ukalE4nky+1Dq51/QOmH0mZ/nOFJsokUmOPOBGld79aEM7pS9v4DO+KIOB3BisgzBC4XvwGgEjZ g6kMxOEFbuOngDuTUJwlRMpmhBGYXaOzAZdD5+Gldr8WEcx5RSKAFtHsUBtNutBm0BLaUwNbKczrj6dZgaXpR3cMmcG9A496MFs15wiZeVYeEwZ3zGJjgIUDOFbrS4y38JbwOTQmZsONrDHftwY8GUc3OVBKdifur+1kryX9qg8FlrtBA6Lzxqfv9QVsgyfFkmpMIi93IeAONWhL8CnzLLuA+VV0IJq6Twf9BrHNKATxu148ayjk3yhuyRfUJJkxyTz6RDuoSTK/Kd/CS/ouvoR3QT3d5b16LlzmvyaKLffwBOZq1V</latexit>

Renormalization: RI-MOM, ratio scheme, hybrid scheme

Access the x-dependence for PDF, except for x ! 0 and x ! 1
<latexit sha1_base64="bPmbxdSEE+iOddjMy0P2ceVvcH0="></latexit><latexit sha1_base64="bPmbxdSEE+iOddjMy0P2ceVvcH0="></latexit><latexit sha1_base64="bPmbxdSEE+iOddjMy0P2ceVvcH0="></latexit><latexit sha1_base64="bPmbxdSEE+iOddjMy0P2ceVvcH0="></latexit>

h̃(z, Pz, µ) =
X

n

Cn(µ
2z2)hxniµ

(�izPz)n

n!
+ z2⇤2

QCD, hxniµ =

Z +1

�1
dxxnfv(x, µ)
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C = �(
x

y
� 1) + ↵sC

(1)(
x

y
,

µ

Pzy
) + ...
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Valence pion PDF from x-space matching at NNLO

Pz-dependence: fv(x) + av/P 2
z

) results are reliable at x,
where av/P 2

z |fv(x)| < 0.1
<latexit sha1_base64="nQFPK6Wno//zNGA8/qkqslS6b7s="></latexit><latexit sha1_base64="nQFPK6Wno//zNGA8/qkqslS6b7s="></latexit><latexit sha1_base64="nQFPK6Wno//zNGA8/qkqslS6b7s="></latexit><latexit sha1_base64="nQFPK6Wno//zNGA8/qkqslS6b7s="></latexit>

Good agreement between the lattice 
results and the results from global 
analysis

Pz-dependence of the result
is small for Pz � 1.45 GeV
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Hybrid renormalization:

h̃(z, Pz, a) ! hR(z, Pz) =8
<

:

h̃(z,Pz,a)

h̃(z,0,a)
, z  zS

h̃(z,Pz,a)

h̃(zS ,0,a)
e�m(a)|z�zS |, z > zS .
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Valence pion PDF from short distance factorization: moments

M(z, Pz, P
0
z ) =

P
n=0 cn(µ

2z2) (�izPz)
n

n! hxn
i(µ) +O(⇤2

QCDz
2)

P
n=0 cn(µ

2z2) (�izP 0
z )

n

n! hxni(µ) +O(⇤2
QCDz

2)
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hxniµ
<latexit sha1_base64="Eswov1fIKtBb7Cw+6IK8t/gdr48=">AAACA3icdZDLSgMxFIYz9VbrrepON8EiuCozY2nrruDGZQV7gU4dMmmmDU0yQ5IRy1Bw46u4caGIW1/CnW9jpq2goj8EPv5zDifnD2JGlbbtDyu3tLyyupZfL2xsbm3vFHf32ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkE4/Os3rkhUtFIXOlJTPocDQUNKUbaWH7xoOAxJIaMwNtrAT05Yz/1eDL1iyW7fFavupUqtMu2XXNcJwO3VjmtQMc4mUpgoaZffPcGEU44ERozpFTPsWPdT5HUFDMyLXiJIjHCYzQkPYMCcaL66eyGKTw2zgCGkTRPaDhzv0+kiCs14YHp5EiP1O9aZv5V6yU6rPdTKuJEE4Hni8KEQR3BLBA4oJJgzSYGEJbU/BXiEZIIaxNbwYTwdSn8H9pu2TF8WSk13EUceXAIjsAJcEANNMAFaIIWwOAOPIAn8GzdW4/Wi/U6b81Zi5l98EPW2yfmJZeo</latexit><latexit sha1_base64="Eswov1fIKtBb7Cw+6IK8t/gdr48=">AAACA3icdZDLSgMxFIYz9VbrrepON8EiuCozY2nrruDGZQV7gU4dMmmmDU0yQ5IRy1Bw46u4caGIW1/CnW9jpq2goj8EPv5zDifnD2JGlbbtDyu3tLyyupZfL2xsbm3vFHf32ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkE4/Os3rkhUtFIXOlJTPocDQUNKUbaWH7xoOAxJIaMwNtrAT05Yz/1eDL1iyW7fFavupUqtMu2XXNcJwO3VjmtQMc4mUpgoaZffPcGEU44ERozpFTPsWPdT5HUFDMyLXiJIjHCYzQkPYMCcaL66eyGKTw2zgCGkTRPaDhzv0+kiCs14YHp5EiP1O9aZv5V6yU6rPdTKuJEE4Hni8KEQR3BLBA4oJJgzSYGEJbU/BXiEZIIaxNbwYTwdSn8H9pu2TF8WSk13EUceXAIjsAJcEANNMAFaIIWwOAOPIAn8GzdW4/Wi/U6b81Zi5l98EPW2yfmJZeo</latexit><latexit sha1_base64="Eswov1fIKtBb7Cw+6IK8t/gdr48=">AAACA3icdZDLSgMxFIYz9VbrrepON8EiuCozY2nrruDGZQV7gU4dMmmmDU0yQ5IRy1Bw46u4caGIW1/CnW9jpq2goj8EPv5zDifnD2JGlbbtDyu3tLyyupZfL2xsbm3vFHf32ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkE4/Os3rkhUtFIXOlJTPocDQUNKUbaWH7xoOAxJIaMwNtrAT05Yz/1eDL1iyW7fFavupUqtMu2XXNcJwO3VjmtQMc4mUpgoaZffPcGEU44ERozpFTPsWPdT5HUFDMyLXiJIjHCYzQkPYMCcaL66eyGKTw2zgCGkTRPaDhzv0+kiCs14YHp5EiP1O9aZv5V6yU6rPdTKuJEE4Hni8KEQR3BLBA4oJJgzSYGEJbU/BXiEZIIaxNbwYTwdSn8H9pu2TF8WSk13EUceXAIjsAJcEANNMAFaIIWwOAOPIAn8GzdW4/Wi/U6b81Zi5l98EPW2yfmJZeo</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="6Wuvxl07vX3eugJHYClfHz6Db2E=">AAAB+HicbZBPS8MwGMbfzn+zTq0e9RIcgqfRetGj4MXjBPcH1lnSLN3CkrQkqTjKwItfxYsHRfwk3vw2Zt0OuvlA4MfzJLx5nzjjTBvf/3Yqa+sbm1vVbXentru37x3U2jrNFaEtkvJUdWOsKWeStgwznHYzRbGIOe3E4+tZ3nmgSrNU3plJRvsCDyVLGMHGWpF35IYcyyGn6PFeolCVHBWhyKeRV/cbfim0CsEC6rBQM/K+wkFKckGlIRxr3Qv8zPQLrAwjnE7dMNc0w2SMh7RnUWJBdb8od5iiU+sMUJIqe6RBpfv7RYGF1hMR25sCm5Fezmbmf1kvN8llv2Ayyw2VZD4oyTkyKZoVggZMUWL4xAImitm/IjLCChNja3NtCcHyyqvQPm8Elm99qMIxnMAZBHABV3ADTWgBgSd4gTd4d56dV+djXlfFWfR2CH/kfP4AB9yWCA==</latexit><latexit sha1_base64="wV2A4Bm8K9EPlZtYq1sulxY76/M=">AAAB+HicdZDNSgMxFIXv1L9aq1aXugkWwVWZGUtbd4IblxXsD3RqyaSZNjSTGZKMWIaCG1/FjQtFfBJ3vo2ZtoKKHgh8nJNwc48fc6a0bX9YuZXVtfWN/GZhq7i9s1vaK7ZVlEhCWyTikez6WFHOBG1ppjntxpLi0Oe0408usrxzS6VikbjW05j2QzwSLGAEa2MNSgcFj2Mx4hTd3QjkyTkPUi9MZoNS2a6cNWputYbsim3XHdfJwK1XT6vIMU6mMizVHJTevWFEkpAKTThWqufYse6nWGpGOJ0VvETRGJMJHtGeQYFDqvrpfIcZOjbOEAWRNEdoNHe/v0hxqNQ09M3NEOux+p1l5l9ZL9FBo58yESeaCrIYFCQc6QhlhaAhk5RoPjWAiWTmr4iMscREm9oKpoSvTdH/0HYrjuErG/JwCEdwAg7U4RwuoQktIHAPj/AML9aD9WS9LurKWcve9uGHrLdPZRWWSg==</latexit><latexit sha1_base64="OBsdbfwEU1o+NDfn2y/gnLhYKCE=">AAACA3icdZDLSsNAFIYn9VbjLepON4NFcFWSWNq6K7hxWcFeoIlhMp22QyeTMDMRSyi48VXcuFDErS/hzrdx0lZQ0R8GPv5zDmfOHyaMSmXbH0ZhaXllda24bm5sbm3vWLt7bRmnApMWjlksuiGShFFOWooqRrqJICgKGemE4/O83rkhQtKYX6lJQvwIDTkdUIyUtgLrwPQY4kNG4O01h56YcZB5UToNrJJdPqtX3UoV2mXbrjmuk4Nbq5xWoKOdXCWwUDOw3r1+jNOIcIUZkrLn2InyMyQUxYxMTS+VJEF4jIakp5GjiEg/m90whcfa6cNBLPTjCs7c7xMZiqScRKHujJAayd+13Pyr1kvVoO5nlCepIhzPFw1SBlUM80BgnwqCFZtoQFhQ/VeIR0ggrHRspg7h61L4P7TdsqP50i413EUcRXAIjsAJcEANNMAFaIIWwOAOPIAn8GzcG4/Gi/E6by0Yi5l98EPG2yfk5Zek</latexit><latexit sha1_base64="Eswov1fIKtBb7Cw+6IK8t/gdr48=">AAACA3icdZDLSgMxFIYz9VbrrepON8EiuCozY2nrruDGZQV7gU4dMmmmDU0yQ5IRy1Bw46u4caGIW1/CnW9jpq2goj8EPv5zDifnD2JGlbbtDyu3tLyyupZfL2xsbm3vFHf32ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkE4/Os3rkhUtFIXOlJTPocDQUNKUbaWH7xoOAxJIaMwNtrAT05Yz/1eDL1iyW7fFavupUqtMu2XXNcJwO3VjmtQMc4mUpgoaZffPcGEU44ERozpFTPsWPdT5HUFDMyLXiJIjHCYzQkPYMCcaL66eyGKTw2zgCGkTRPaDhzv0+kiCs14YHp5EiP1O9aZv5V6yU6rPdTKuJEE4Hni8KEQR3BLBA4oJJgzSYGEJbU/BXiEZIIaxNbwYTwdSn8H9pu2TF8WSk13EUceXAIjsAJcEANNMAFaIIWwOAOPIAn8GzdW4/Wi/U6b81Zi5l98EPW2yfmJZeo</latexit><latexit sha1_base64="Eswov1fIKtBb7Cw+6IK8t/gdr48=">AAACA3icdZDLSgMxFIYz9VbrrepON8EiuCozY2nrruDGZQV7gU4dMmmmDU0yQ5IRy1Bw46u4caGIW1/CnW9jpq2goj8EPv5zDifnD2JGlbbtDyu3tLyyupZfL2xsbm3vFHf32ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkE4/Os3rkhUtFIXOlJTPocDQUNKUbaWH7xoOAxJIaMwNtrAT05Yz/1eDL1iyW7fFavupUqtMu2XXNcJwO3VjmtQMc4mUpgoaZffPcGEU44ERozpFTPsWPdT5HUFDMyLXiJIjHCYzQkPYMCcaL66eyGKTw2zgCGkTRPaDhzv0+kiCs14YHp5EiP1O9aZv5V6yU6rPdTKuJEE4Hni8KEQR3BLBA4oJJgzSYGEJbU/BXiEZIIaxNbwYTwdSn8H9pu2TF8WSk13EUceXAIjsAJcEANNMAFaIIWwOAOPIAn8GzdW4/Wi/U6b81Zi5l98EPW2yfmJZeo</latexit><latexit sha1_base64="Eswov1fIKtBb7Cw+6IK8t/gdr48=">AAACA3icdZDLSgMxFIYz9VbrrepON8EiuCozY2nrruDGZQV7gU4dMmmmDU0yQ5IRy1Bw46u4caGIW1/CnW9jpq2goj8EPv5zDifnD2JGlbbtDyu3tLyyupZfL2xsbm3vFHf32ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkE4/Os3rkhUtFIXOlJTPocDQUNKUbaWH7xoOAxJIaMwNtrAT05Yz/1eDL1iyW7fFavupUqtMu2XXNcJwO3VjmtQMc4mUpgoaZffPcGEU44ERozpFTPsWPdT5HUFDMyLXiJIjHCYzQkPYMCcaL66eyGKTw2zgCGkTRPaDhzv0+kiCs14YHp5EiP1O9aZv5V6yU6rPdTKuJEE4Hni8KEQR3BLBA4oJJgzSYGEJbU/BXiEZIIaxNbwYTwdSn8H9pu2TF8WSk13EUceXAIjsAJcEANNMAFaIIWwOAOPIAn8GzdW4/Wi/U6b81Zi5l98EPW2yfmJZeo</latexit><latexit sha1_base64="Eswov1fIKtBb7Cw+6IK8t/gdr48=">AAACA3icdZDLSgMxFIYz9VbrrepON8EiuCozY2nrruDGZQV7gU4dMmmmDU0yQ5IRy1Bw46u4caGIW1/CnW9jpq2goj8EPv5zDifnD2JGlbbtDyu3tLyyupZfL2xsbm3vFHf32ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkE4/Os3rkhUtFIXOlJTPocDQUNKUbaWH7xoOAxJIaMwNtrAT05Yz/1eDL1iyW7fFavupUqtMu2XXNcJwO3VjmtQMc4mUpgoaZffPcGEU44ERozpFTPsWPdT5HUFDMyLXiJIjHCYzQkPYMCcaL66eyGKTw2zgCGkTRPaDhzv0+kiCs14YHp5EiP1O9aZv5V6yU6rPdTKuJEE4Hni8KEQR3BLBA4oJJgzSYGEJbU/BXiEZIIaxNbwYTwdSn8H9pu2TF8WSk13EUceXAIjsAJcEANNMAFaIIWwOAOPIAn8GzdW4/Wi/U6b81Zi5l98EPW2yfmJZeo</latexit><latexit sha1_base64="Eswov1fIKtBb7Cw+6IK8t/gdr48=">AAACA3icdZDLSgMxFIYz9VbrrepON8EiuCozY2nrruDGZQV7gU4dMmmmDU0yQ5IRy1Bw46u4caGIW1/CnW9jpq2goj8EPv5zDifnD2JGlbbtDyu3tLyyupZfL2xsbm3vFHf32ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkE4/Os3rkhUtFIXOlJTPocDQUNKUbaWH7xoOAxJIaMwNtrAT05Yz/1eDL1iyW7fFavupUqtMu2XXNcJwO3VjmtQMc4mUpgoaZffPcGEU44ERozpFTPsWPdT5HUFDMyLXiJIjHCYzQkPYMCcaL66eyGKTw2zgCGkTRPaDhzv0+kiCs14YHp5EiP1O9aZv5V6yU6rPdTKuJEE4Hni8KEQR3BLBA4oJJgzSYGEJbU/BXiEZIIaxNbwYTwdSn8H9pu2TF8WSk13EUceXAIjsAJcEANNMAFaIIWwOAOPIAn8GzdW4/Wi/U6b81Zi5l98EPW2yfmJZeo</latexit><latexit sha1_base64="Eswov1fIKtBb7Cw+6IK8t/gdr48=">AAACA3icdZDLSgMxFIYz9VbrrepON8EiuCozY2nrruDGZQV7gU4dMmmmDU0yQ5IRy1Bw46u4caGIW1/CnW9jpq2goj8EPv5zDifnD2JGlbbtDyu3tLyyupZfL2xsbm3vFHf32ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkE4/Os3rkhUtFIXOlJTPocDQUNKUbaWH7xoOAxJIaMwNtrAT05Yz/1eDL1iyW7fFavupUqtMu2XXNcJwO3VjmtQMc4mUpgoaZffPcGEU44ERozpFTPsWPdT5HUFDMyLXiJIjHCYzQkPYMCcaL66eyGKTw2zgCGkTRPaDhzv0+kiCs14YHp5EiP1O9aZv5V6yU6rPdTKuJEE4Hni8KEQR3BLBA4oJJgzSYGEJbU/BXiEZIIaxNbwYTwdSn8H9pu2TF8WSk13EUceXAIjsAJcEANNMAFaIIWwOAOPIAn8GzdW4/Wi/U6b81Zi5l98EPW2yfmJZeo</latexit>

M(z, Pz, P
0
z ) =

hB(z, Pz, a)

hB(z, P 0
z , a)

=
hR(z, Pz, µ)

hR(z, P 0
z , µ)

<latexit sha1_base64="gqXPNZTjGOwUS8ZuO6gtGUsyVu8=">AAACUnicbVJNSwMxEM3Wr7pWXfXoJViEFqTsFkEvQtGLF6EW+wHdtmTTbBua/SDJCnXpbxTEiz/Eiwc1u12stg4MvHnzhmRe4oSMCmmab1pubX1jcyu/re8Udvf2jYPDlggijkkTByzgHQcJwqhPmpJKRjohJ8hzGGk7k5uk334kXNDAf5DTkPQ8NPKpSzGSihoYFEJoe0iOMWLx3az0dFYfpNk3y/qV7XKE43H/OuNRebao+m ZSL0SNTGR7USpr/MhSZmAUzYqZBlwFVgaKIIv6wHixhwGOPOJLzJAQXcsMZS9GXFLMyEy3I0FChCdoRLoK+sgjohenlszgqWKG0A24Sl/ClP09ESNPiKnnKGWyvVjuJeR/vW4k3cteTP0wksTH84PciEEZwMRfOKScYMmmCiDMqborxGOkHJLqFXRlgrW88ipoVSuWwvfnxVo1syMPjsEJKAELXIAauAV10AQYPIN38Am+tFftI6d+yVya07KZI/AncoVvsnCwvg==</latexit><latexit sha1_base64="gqXPNZTjGOwUS8ZuO6gtGUsyVu8=">AAACUnicbVJNSwMxEM3Wr7pWXfXoJViEFqTsFkEvQtGLF6EW+wHdtmTTbBua/SDJCnXpbxTEiz/Eiwc1u12stg4MvHnzhmRe4oSMCmmab1pubX1jcyu/re8Udvf2jYPDlggijkkTByzgHQcJwqhPmpJKRjohJ8hzGGk7k5uk334kXNDAf5DTkPQ8NPKpSzGSihoYFEJoe0iOMWLx3az0dFYfpNk3y/qV7XKE43H/OuNRebao+m ZSL0SNTGR7USpr/MhSZmAUzYqZBlwFVgaKIIv6wHixhwGOPOJLzJAQXcsMZS9GXFLMyEy3I0FChCdoRLoK+sgjohenlszgqWKG0A24Sl/ClP09ESNPiKnnKGWyvVjuJeR/vW4k3cteTP0wksTH84PciEEZwMRfOKScYMmmCiDMqborxGOkHJLqFXRlgrW88ipoVSuWwvfnxVo1syMPjsEJKAELXIAauAV10AQYPIN38Am+tFftI6d+yVya07KZI/AncoVvsnCwvg==</latexit><latexit sha1_base64="gqXPNZTjGOwUS8ZuO6gtGUsyVu8=">AAACUnicbVJNSwMxEM3Wr7pWXfXoJViEFqTsFkEvQtGLF6EW+wHdtmTTbBua/SDJCnXpbxTEiz/Eiwc1u12stg4MvHnzhmRe4oSMCmmab1pubX1jcyu/re8Udvf2jYPDlggijkkTByzgHQcJwqhPmpJKRjohJ8hzGGk7k5uk334kXNDAf5DTkPQ8NPKpSzGSihoYFEJoe0iOMWLx3az0dFYfpNk3y/qV7XKE43H/OuNRebao+m ZSL0SNTGR7USpr/MhSZmAUzYqZBlwFVgaKIIv6wHixhwGOPOJLzJAQXcsMZS9GXFLMyEy3I0FChCdoRLoK+sgjohenlszgqWKG0A24Sl/ClP09ESNPiKnnKGWyvVjuJeR/vW4k3cteTP0wksTH84PciEEZwMRfOKScYMmmCiDMqborxGOkHJLqFXRlgrW88ipoVSuWwvfnxVo1syMPjsEJKAELXIAauAV10AQYPIN38Am+tFftI6d+yVya07KZI/AncoVvsnCwvg==</latexit><latexit sha1_base64="gqXPNZTjGOwUS8ZuO6gtGUsyVu8=">AAACUnicbVJNSwMxEM3Wr7pWXfXoJViEFqTsFkEvQtGLF6EW+wHdtmTTbBua/SDJCnXpbxTEiz/Eiwc1u12stg4MvHnzhmRe4oSMCmmab1pubX1jcyu/re8Udvf2jYPDlggijkkTByzgHQcJwqhPmpJKRjohJ8hzGGk7k5uk334kXNDAf5DTkPQ8NPKpSzGSihoYFEJoe0iOMWLx3az0dFYfpNk3y/qV7XKE43H/OuNRebao+m ZSL0SNTGR7USpr/MhSZmAUzYqZBlwFVgaKIIv6wHixhwGOPOJLzJAQXcsMZS9GXFLMyEy3I0FChCdoRLoK+sgjohenlszgqWKG0A24Sl/ClP09ESNPiKnnKGWyvVjuJeR/vW4k3cteTP0wksTH84PciEEZwMRfOKScYMmmCiDMqborxGOkHJLqFXRlgrW88ipoVSuWwvfnxVo1syMPjsEJKAELXIAauAV10AQYPIN38Am+tFftI6d+yVya07KZI/AncoVvsnCwvg==</latexit>

Generalized ratio scheme:
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Valence pion PDF short distance factorization: fits of PDF 

2 and 4 parameter forms of valence pion PDF:

fv(x;↵,�) = Nx↵(1� x)� ,

fv(x;↵,�, s, t) = N 0x↵(1� x)�(1 + s
p
x+ tx),

<latexit sha1_base64="K/J7wQ0m57nsd+n1F3nldaEFRwE="></latexit><latexit sha1_base64="K/J7wQ0m57nsd+n1F3nldaEFRwE="></latexit><latexit sha1_base64="K/J7wQ0m57nsd+n1F3nldaEFRwE="></latexit><latexit sha1_base64="K/J7wQ0m57nsd+n1F3nldaEFRwE="></latexit>

Deep Neural Network (DNN)

agreement with x-space matching
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Valence PDF of excited pion 
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Valence PDF of first radial excitation of the pion, ⇡(1300) on a = 0.04 fm with
m⇡ = 300 MeV

<latexit sha1_base64="ZD6xITZ2eL3QyFucL/VyDsXRrII="></latexit><latexit sha1_base64="ZD6xITZ2eL3QyFucL/VyDsXRrII="></latexit><latexit sha1_base64="ZD6xITZ2eL3QyFucL/VyDsXRrII="></latexit><latexit sha1_base64="ZD6xITZ2eL3QyFucL/VyDsXRrII="></latexit>

The lance PDF is much larger than for the ground state in the intermediate x
region ) all moments up to the 4th one are larger

<latexit sha1_base64="fx1U4+3Qu4Edw0k2h5N+rrqT1Zc="></latexit><latexit sha1_base64="fx1U4+3Qu4Edw0k2h5N+rrqT1Zc="></latexit><latexit sha1_base64="fx1U4+3Qu4Edw0k2h5N+rrqT1Zc="></latexit><latexit sha1_base64="fx1U4+3Qu4Edw0k2h5N+rrqT1Zc="></latexit>
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Pion distribution amplitude

if⇡P
+I(�, µ) = h0|d(�z�/2)�+�5W+u(z

�/2)|⇡+;P i
<latexit sha1_base64="NDNSw1OwuB0ikmKVJP2Pv798hIo="></latexit><latexit sha1_base64="NDNSw1OwuB0ikmKVJP2Pv798hIo="></latexit><latexit sha1_base64="NDNSw1OwuB0ikmKVJP2Pv798hIo="></latexit><latexit sha1_base64="NDNSw1OwuB0ikmKVJP2Pv798hIo="></latexit>

Start with quasi-DA iPzh
R
�
z · Pz, z

2
, µ

�
⌘ h0|O�5�3(z, µ)|⇡+;P i and use short

distance factorization:
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htw2(�, z2, µ) =
X

n=0

(�i�/2)n

n!

nX

m=0

Cn,m(z2µ2)hxmi, � = zPz, hxni =
Z 1

�1
�(x, µ)xndx
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Mellin-OPE

Ratio scheme: 

M(�, z2, P 0) ⌘ hB(�, z2)

hB(�0, z2)
=

hR(�, z2, µ)

hR(�0, z2, µ)
, $ htw2(�, z2, µ)

htw2(�0, z2, µ)
, �0 = P 0

z z ) hxniµ
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�(x, µ) =

Z
d�

2⇡
e�i x

2 �I(�, µ)
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Very di↵erent from asymptotic values:
hx2i = 0.2 and hx4i = 0.0857
or flat DA (�(x) = 1/2):
hx2i = 1/3 and hx4i = 0.2
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hx2i = 0.2848(52)(71),

hx4i = 0.124(11)(20).
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Results are cross-checked with conformal OPE

� = P+z�
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a2 = 0.227(18)(23), a4 = �0.16(13)(30) )
same Mellin moments
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Pion distribution amplitude

�(u) = Nu↵(1� u)↵
NG+1X

n=0

snC
1
2+↵
2n (1� 2u), s0 = 1
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Conformal OPE inspired fit form
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�(x) ) hx2i = 0.2845(44)(58), hx4i = 0.1497(50)(38)
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Pion form factor 
Form factors are sensitive to the  light quark masses 

Lattice and experimental results on the pion form factor agree
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644, a = 0.076 fm, m⇡ = 140 MeV, Pz ⇠ 2GeV
<latexit sha1_base64="fI1L21mw9Plc4WYhuxZEVmrR2yM="></latexit><latexit sha1_base64="fI1L21mw9Plc4WYhuxZEVmrR2yM="></latexit><latexit sha1_base64="fI1L21mw9Plc4WYhuxZEVmrR2yM="></latexit><latexit sha1_base64="fI1L21mw9Plc4WYhuxZEVmrR2yM="></latexit>

The monopole Ansatz F⇡(Q2) = (1 +Q2/M2)�1, M ' 0.8 GeV works well
<latexit sha1_base64="JZs7aREYOFURq2Xd2/UYQ8yFpaM=">AAACOXicbZDLSgMxFIYz3q23qks3wSpU1DrTjW4ERVA3QgVbhbaWTHpqQ3MZk4xSh/pYbnwLd4IbF4q49QVMaxfeDoR8/P85JOcPI86M9f1Hb2BwaHhkdGw8NTE5NT2Tnp0rGRVrCkWquNJnITHAmYSiZZbDWaSBiJDDadja6/qnV6ANU/LEtiOoCnIhWYNRYp1USxdOmoCFkipSHPCuNMTe4KX9WlKJWCd7fJ5f2c4Gq+7eOH J8nqwHnbXbI1wxTMDlEvZzW/gASvha6ZbB18B5LZ3xc36v8F8I+pBB/SrU0g+VuqKxAGkpJ8aUAz+y1YRoyyiHTqoSG4gIbZELKDuURICpJr3NO3jZKXXcUNodaXFP/T6REGFMW4SuUxDbNL+9rvifV45tY6uaMBnFFiT9eqgRc2wV7saI60wDtbztgFDN3F8xbRJNqHVhp1wIwe+V/0IpnwscH+czO/l+HGNoAS2iLArQJtpBh6iAioiiO/SEXtCrd+89e2/e+1frgNefmUc/yvv4BERaqX8=</latexit><latexit sha1_base64="JZs7aREYOFURq2Xd2/UYQ8yFpaM=">AAACOXicbZDLSgMxFIYz3q23qks3wSpU1DrTjW4ERVA3QgVbhbaWTHpqQ3MZk4xSh/pYbnwLd4IbF4q49QVMaxfeDoR8/P85JOcPI86M9f1Hb2BwaHhkdGw8NTE5NT2Tnp0rGRVrCkWquNJnITHAmYSiZZbDWaSBiJDDadja6/qnV6ANU/LEtiOoCnIhWYNRYp1USxdOmoCFkipSHPCuNMTe4KX9WlKJWCd7fJ5f2c4Gq+7eOH J8nqwHnbXbI1wxTMDlEvZzW/gASvha6ZbB18B5LZ3xc36v8F8I+pBB/SrU0g+VuqKxAGkpJ8aUAz+y1YRoyyiHTqoSG4gIbZELKDuURICpJr3NO3jZKXXcUNodaXFP/T6REGFMW4SuUxDbNL+9rvifV45tY6uaMBnFFiT9eqgRc2wV7saI60wDtbztgFDN3F8xbRJNqHVhp1wIwe+V/0IpnwscH+czO/l+HGNoAS2iLArQJtpBh6iAioiiO/SEXtCrd+89e2/e+1frgNefmUc/yvv4BERaqX8=</latexit><latexit sha1_base64="JZs7aREYOFURq2Xd2/UYQ8yFpaM=">AAACOXicbZDLSgMxFIYz3q23qks3wSpU1DrTjW4ERVA3QgVbhbaWTHpqQ3MZk4xSh/pYbnwLd4IbF4q49QVMaxfeDoR8/P85JOcPI86M9f1Hb2BwaHhkdGw8NTE5NT2Tnp0rGRVrCkWquNJnITHAmYSiZZbDWaSBiJDDadja6/qnV6ANU/LEtiOoCnIhWYNRYp1USxdOmoCFkipSHPCuNMTe4KX9WlKJWCd7fJ5f2c4Gq+7eOH J8nqwHnbXbI1wxTMDlEvZzW/gASvha6ZbB18B5LZ3xc36v8F8I+pBB/SrU0g+VuqKxAGkpJ8aUAz+y1YRoyyiHTqoSG4gIbZELKDuURICpJr3NO3jZKXXcUNodaXFP/T6REGFMW4SuUxDbNL+9rvifV45tY6uaMBnFFiT9eqgRc2wV7saI60wDtbztgFDN3F8xbRJNqHVhp1wIwe+V/0IpnwscH+czO/l+HGNoAS2iLArQJtpBh6iAioiiO/SEXtCrd+89e2/e+1frgNefmUc/yvv4BERaqX8=</latexit><latexit sha1_base64="JZs7aREYOFURq2Xd2/UYQ8yFpaM=">AAACOXicbZDLSgMxFIYz3q23qks3wSpU1DrTjW4ERVA3QgVbhbaWTHpqQ3MZk4xSh/pYbnwLd4IbF4q49QVMaxfeDoR8/P85JOcPI86M9f1Hb2BwaHhkdGw8NTE5NT2Tnp0rGRVrCkWquNJnITHAmYSiZZbDWaSBiJDDadja6/qnV6ANU/LEtiOoCnIhWYNRYp1USxdOmoCFkipSHPCuNMTe4KX9WlKJWCd7fJ5f2c4Gq+7eOH J8nqwHnbXbI1wxTMDlEvZzW/gASvha6ZbB18B5LZ3xc36v8F8I+pBB/SrU0g+VuqKxAGkpJ8aUAz+y1YRoyyiHTqoSG4gIbZELKDuURICpJr3NO3jZKXXcUNodaXFP/T6REGFMW4SuUxDbNL+9rvifV45tY6uaMBnFFiT9eqgRc2wV7saI60wDtbztgFDN3F8xbRJNqHVhp1wIwe+V/0IpnwscH+czO/l+HGNoAS2iLArQJtpBh6iAioiiO/SEXtCrd+89e2/e+1frgNefmUc/yvv4BERaqX8=</latexit>

Lattice results also agree with the results of the dispersive analysis of the time-
like pion form factor

<latexit sha1_base64="M9QDYjRROZHGAJVtxjC7xlIToi0=">AAACW3icbVDJahtBEO0Zb8p4U2xyyqWxMPhiMaOLfTTkkoMPNlgLSELUtGqkRr0M3TU2Qvgnc0oO/pWQHllksVPQ8Pq9qq7XLy+V9JSmP6J4a3tnd6/xIdk/ODw6bn486XlbOYFdYZV1gxw8KmmwS5IUDkqHoHOF/Xzxpdb7j+i8tOaBliWONcyMLKQACtSk6UbGSjNFQ8ktEEmB3KGvFHkOylsOM4fInyTNOc3/aLZYX6fSl/ Xjj8jBgFp6+VsiqfFSyQXyMizihXWaFyDIukmzlbbTdfH3INuAFtvU3aT5bTS1otLBpFDg/TBLSxqvwAW7Cp+TUeWxBLGAGQ4DNKDRj1frbJ75eWCm9fpwDPE1+/fECrT3S52HTg0092+1mvyfNqyouB6vpCkrQiNeFxWV4mR5HXTIxqEgtQwAhJPBKxdzcCGCkFgSQsjefvk96HXaWcD3ndZNZxNHg31mZ+yCZeyK3bCv7I51mWDf2c9oL2pEL/FWnMQHr61xtJk5Zf9U/OkXbOe1qg==</latexit><latexit sha1_base64="M9QDYjRROZHGAJVtxjC7xlIToi0=">AAACW3icbVDJahtBEO0Zb8p4U2xyyqWxMPhiMaOLfTTkkoMPNlgLSELUtGqkRr0M3TU2Qvgnc0oO/pWQHllksVPQ8Pq9qq7XLy+V9JSmP6J4a3tnd6/xIdk/ODw6bn486XlbOYFdYZV1gxw8KmmwS5IUDkqHoHOF/Xzxpdb7j+i8tOaBliWONcyMLKQACtSk6UbGSjNFQ8ktEEmB3KGvFHkOylsOM4fInyTNOc3/aLZYX6fSl/ Xjj8jBgFp6+VsiqfFSyQXyMizihXWaFyDIukmzlbbTdfH3INuAFtvU3aT5bTS1otLBpFDg/TBLSxqvwAW7Cp+TUeWxBLGAGQ4DNKDRj1frbJ75eWCm9fpwDPE1+/fECrT3S52HTg0092+1mvyfNqyouB6vpCkrQiNeFxWV4mR5HXTIxqEgtQwAhJPBKxdzcCGCkFgSQsjefvk96HXaWcD3ndZNZxNHg31mZ+yCZeyK3bCv7I51mWDf2c9oL2pEL/FWnMQHr61xtJk5Zf9U/OkXbOe1qg==</latexit><latexit sha1_base64="M9QDYjRROZHGAJVtxjC7xlIToi0=">AAACW3icbVDJahtBEO0Zb8p4U2xyyqWxMPhiMaOLfTTkkoMPNlgLSELUtGqkRr0M3TU2Qvgnc0oO/pWQHllksVPQ8Pq9qq7XLy+V9JSmP6J4a3tnd6/xIdk/ODw6bn486XlbOYFdYZV1gxw8KmmwS5IUDkqHoHOF/Xzxpdb7j+i8tOaBliWONcyMLKQACtSk6UbGSjNFQ8ktEEmB3KGvFHkOylsOM4fInyTNOc3/aLZYX6fSl/ Xjj8jBgFp6+VsiqfFSyQXyMizihXWaFyDIukmzlbbTdfH3INuAFtvU3aT5bTS1otLBpFDg/TBLSxqvwAW7Cp+TUeWxBLGAGQ4DNKDRj1frbJ75eWCm9fpwDPE1+/fECrT3S52HTg0092+1mvyfNqyouB6vpCkrQiNeFxWV4mR5HXTIxqEgtQwAhJPBKxdzcCGCkFgSQsjefvk96HXaWcD3ndZNZxNHg31mZ+yCZeyK3bCv7I51mWDf2c9oL2pEL/FWnMQHr61xtJk5Zf9U/OkXbOe1qg==</latexit><latexit sha1_base64="M9QDYjRROZHGAJVtxjC7xlIToi0=">AAACW3icbVDJahtBEO0Zb8p4U2xyyqWxMPhiMaOLfTTkkoMPNlgLSELUtGqkRr0M3TU2Qvgnc0oO/pWQHllksVPQ8Pq9qq7XLy+V9JSmP6J4a3tnd6/xIdk/ODw6bn486XlbOYFdYZV1gxw8KmmwS5IUDkqHoHOF/Xzxpdb7j+i8tOaBliWONcyMLKQACtSk6UbGSjNFQ8ktEEmB3KGvFHkOylsOM4fInyTNOc3/aLZYX6fSl/ Xjj8jBgFp6+VsiqfFSyQXyMizihXWaFyDIukmzlbbTdfH3INuAFtvU3aT5bTS1otLBpFDg/TBLSxqvwAW7Cp+TUeWxBLGAGQ4DNKDRj1frbJ75eWCm9fpwDPE1+/fECrT3S52HTg0092+1mvyfNqyouB6vpCkrQiNeFxWV4mR5HXTIxqEgtQwAhJPBKxdzcCGCkFgSQsjefvk96HXaWcD3ndZNZxNHg31mZ+yCZeyK3bCv7I51mWDf2c9oL2pEL/FWnMQHr61xtJk5Zf9U/OkXbOe1qg==</latexit> Colangleo, Hofferichter, Stoffer, JHEP 02 (2019) 006 
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Pion form factor (con’t) 

Pion charge radius:
<latexit sha1_base64="VyM3taoPWfzdVBwhRjHtiBUFCkk=">AAAB/HicbZDLSsNAFIZPvNZ6q3bpZrAIrkrSjeKq4MZlBXuBNpTJ5KQdOrkwMxFCqK/ixoUibn0Qd76N0zQLbT0wzMf/n8Oc+b1EcKVt+9va2Nza3tmt7FX3Dw6Pjmsnpz0Vp5Jhl8UilgOPKhQ8wq7mWuAgkUhDT2Dfm90u/P4jSsXj6EFnCbohnUQ84IxqI41r9Y65CJtSOUEiqc9TdTOuNeymXRRZB6eEBpTVGde+Rn7M0h AjzQRVaujYiXZzKjVnAufVUaowoWxGJzg0GNEQlZsXy8/JhVF8EsTSnEiTQv09kdNQqSz0TGdI9VStegvxP2+Y6uDazXmUpBojtnwoSAXRMVkkQXwukWmRGaBMcrNrkQNl2uRVNSE4q19eh16r6Ri+bzXarTKOCpzBOVyCA1fQhjvoQBcYZPAMr/BmPVkv1rv1sWzdsMqZOvwp6/MHGtGUWQ==</latexit><latexit sha1_base64="VyM3taoPWfzdVBwhRjHtiBUFCkk=">AAAB/HicbZDLSsNAFIZPvNZ6q3bpZrAIrkrSjeKq4MZlBXuBNpTJ5KQdOrkwMxFCqK/ixoUibn0Qd76N0zQLbT0wzMf/n8Oc+b1EcKVt+9va2Nza3tmt7FX3Dw6Pjmsnpz0Vp5Jhl8UilgOPKhQ8wq7mWuAgkUhDT2Dfm90u/P4jSsXj6EFnCbohnUQ84IxqI41r9Y65CJtSOUEiqc9TdTOuNeymXRRZB6eEBpTVGde+Rn7M0h AjzQRVaujYiXZzKjVnAufVUaowoWxGJzg0GNEQlZsXy8/JhVF8EsTSnEiTQv09kdNQqSz0TGdI9VStegvxP2+Y6uDazXmUpBojtnwoSAXRMVkkQXwukWmRGaBMcrNrkQNl2uRVNSE4q19eh16r6Ri+bzXarTKOCpzBOVyCA1fQhjvoQBcYZPAMr/BmPVkv1rv1sWzdsMqZOvwp6/MHGtGUWQ==</latexit><latexit sha1_base64="VyM3taoPWfzdVBwhRjHtiBUFCkk=">AAAB/HicbZDLSsNAFIZPvNZ6q3bpZrAIrkrSjeKq4MZlBXuBNpTJ5KQdOrkwMxFCqK/ixoUibn0Qd76N0zQLbT0wzMf/n8Oc+b1EcKVt+9va2Nza3tmt7FX3Dw6Pjmsnpz0Vp5Jhl8UilgOPKhQ8wq7mWuAgkUhDT2Dfm90u/P4jSsXj6EFnCbohnUQ84IxqI41r9Y65CJtSOUEiqc9TdTOuNeymXRRZB6eEBpTVGde+Rn7M0h AjzQRVaujYiXZzKjVnAufVUaowoWxGJzg0GNEQlZsXy8/JhVF8EsTSnEiTQv09kdNQqSz0TGdI9VStegvxP2+Y6uDazXmUpBojtnwoSAXRMVkkQXwukWmRGaBMcrNrkQNl2uRVNSE4q19eh16r6Ri+bzXarTKOCpzBOVyCA1fQhjvoQBcYZPAMr/BmPVkv1rv1sWzdsMqZOvwp6/MHGtGUWQ==</latexit><latexit sha1_base64="VyM3taoPWfzdVBwhRjHtiBUFCkk=">AAAB/HicbZDLSsNAFIZPvNZ6q3bpZrAIrkrSjeKq4MZlBXuBNpTJ5KQdOrkwMxFCqK/ixoUibn0Qd76N0zQLbT0wzMf/n8Oc+b1EcKVt+9va2Nza3tmt7FX3Dw6Pjmsnpz0Vp5Jhl8UilgOPKhQ8wq7mWuAgkUhDT2Dfm90u/P4jSsXj6EFnCbohnUQ84IxqI41r9Y65CJtSOUEiqc9TdTOuNeymXRRZB6eEBpTVGde+Rn7M0h AjzQRVaujYiXZzKjVnAufVUaowoWxGJzg0GNEQlZsXy8/JhVF8EsTSnEiTQv09kdNQqSz0TGdI9VStegvxP2+Y6uDazXmUpBojtnwoSAXRMVkkQXwukWmRGaBMcrNrkQNl2uRVNSE4q19eh16r6Ri+bzXarTKOCpzBOVyCA1fQhjvoQBcYZPAMr/BmPVkv1rv1sWzdsMqZOvwp6/MHGtGUWQ==</latexit>

monopole Ansatz works for extended Q2 range
<latexit sha1_base64="3+5/nxIWWWnL4lmiwntHwlNigcQ=">AAACF3icbVC7TgJBFJ3FF+Jr1dJmIphYkV0aLTE2lpDIIwEks7N3YcLszGZmVkXCX9j4KzYWGmOrnX/j8CgUPNXJOffm3nOChDNtPO/byaysrq1vZDdzW9s7u3vu/kFdy1RRqFHJpWoGRANnAmqGGQ7NRAGJAw6NYHA58Ru3oDST4toME+jEpCdYxCgxVuq6xVgKmUgO+EJoYh7wnVQDjSOpMNwbECGEuFC9KRWwIqIHXTfvFb0p8DLx5ySP5qh03a92KGkagzCUE61bvpeYzogowyiHca6dakgIHZAetCwVJAbdGU1zjfGJVcLpL5EUBk/V3xsjEms9jAM7GRPT14veRPzPa6UmOu+MmEhSG5HODkUpx0biSUk4ZAqo4UNLCFXM/oppnyhCja0yZ0vwFyMvk3qp6FteLeXLpXkdWXSEjtEp8tEZKqMrVEE1RNEjekav6M15cl6cd+djNppx5juH6A+czx/jaZ8D</latexit><latexit sha1_base64="3+5/nxIWWWnL4lmiwntHwlNigcQ=">AAACF3icbVC7TgJBFJ3FF+Jr1dJmIphYkV0aLTE2lpDIIwEks7N3YcLszGZmVkXCX9j4KzYWGmOrnX/j8CgUPNXJOffm3nOChDNtPO/byaysrq1vZDdzW9s7u3vu/kFdy1RRqFHJpWoGRANnAmqGGQ7NRAGJAw6NYHA58Ru3oDST4toME+jEpCdYxCgxVuq6xVgKmUgO+EJoYh7wnVQDjSOpMNwbECGEuFC9KRWwIqIHXTfvFb0p8DLx5ySP5qh03a92KGkagzCUE61bvpeYzogowyiHca6dakgIHZAetCwVJAbdGU1zjfGJVcLpL5EUBk/V3xsjEms9jAM7GRPT14veRPzPa6UmOu+MmEhSG5HODkUpx0biSUk4ZAqo4UNLCFXM/oppnyhCja0yZ0vwFyMvk3qp6FteLeXLpXkdWXSEjtEp8tEZKqMrVEE1RNEjekav6M15cl6cd+djNppx5juH6A+czx/jaZ8D</latexit><latexit sha1_base64="3+5/nxIWWWnL4lmiwntHwlNigcQ=">AAACF3icbVC7TgJBFJ3FF+Jr1dJmIphYkV0aLTE2lpDIIwEks7N3YcLszGZmVkXCX9j4KzYWGmOrnX/j8CgUPNXJOffm3nOChDNtPO/byaysrq1vZDdzW9s7u3vu/kFdy1RRqFHJpWoGRANnAmqGGQ7NRAGJAw6NYHA58Ru3oDST4toME+jEpCdYxCgxVuq6xVgKmUgO+EJoYh7wnVQDjSOpMNwbECGEuFC9KRWwIqIHXTfvFb0p8DLx5ySP5qh03a92KGkagzCUE61bvpeYzogowyiHca6dakgIHZAetCwVJAbdGU1zjfGJVcLpL5EUBk/V3xsjEms9jAM7GRPT14veRPzPa6UmOu+MmEhSG5HODkUpx0biSUk4ZAqo4UNLCFXM/oppnyhCja0yZ0vwFyMvk3qp6FteLeXLpXkdWXSEjtEp8tEZKqMrVEE1RNEjekav6M15cl6cd+djNppx5juH6A+czx/jaZ8D</latexit><latexit sha1_base64="3+5/nxIWWWnL4lmiwntHwlNigcQ=">AAACF3icbVC7TgJBFJ3FF+Jr1dJmIphYkV0aLTE2lpDIIwEks7N3YcLszGZmVkXCX9j4KzYWGmOrnX/j8CgUPNXJOffm3nOChDNtPO/byaysrq1vZDdzW9s7u3vu/kFdy1RRqFHJpWoGRANnAmqGGQ7NRAGJAw6NYHA58Ru3oDST4toME+jEpCdYxCgxVuq6xVgKmUgO+EJoYh7wnVQDjSOpMNwbECGEuFC9KRWwIqIHXTfvFb0p8DLx5ySP5qh03a92KGkagzCUE61bvpeYzogowyiHca6dakgIHZAetCwVJAbdGU1zjfGJVcLpL5EUBk/V3xsjEms9jAM7GRPT14veRPzPa6UmOu+MmEhSG5HODkUpx0biSUk4ZAqo4UNLCFXM/oppnyhCja0yZ0vwFyMvk3qp6FteLeXLpXkdWXSEjtEp8tEZKqMrVEE1RNEjekav6M15cl6cd+djNppx5juH6A+czx/jaZ8D</latexit>

Pion form factor is very sensitive to the quark mass
<latexit sha1_base64="vYAMgp2yLMBYdhW2RCy/j01oAjI=">AAACHnicbVDLSgMxFM34rPVVdekmWARXZaYguiy4cVnBPqAtJZPeaUOTzJjcKZTSL3Hjr7hxoYjgSv/GTNuFtl4IOZx7z03OCRMpLPr+t7e2vrG5tZ3bye/u7R8cFo6O6zZODYcaj2VsmiGzIIWGGgqU0EwMMBVKaITDm6zfGIGxItb3OE6go1hfi0hwho7qFi6r7qJRbBSNGMfYUGGpE4ypBW0FihFQjCkOgD6kzAypYtbmu4 WiX/JnRVdBsABFsqhqt/DZ7sU8VaCRS7ehFfgJdibMoOASpvl2aiFhfMj60HJQMwW2M5nZm9Jzx/SyP7qjkc7Y34oJU9aOVegmFcOBXe5l5H+9VorRdWcidJIiaD5/KErlzLDLivaEAY5y7ADjxoXBKR8w43JyiWYhBMuWV0G9XAocvisXK+VFHDlySs7IBQnIFamQW1IlNcLJI3kmr+TNe/JevHfvYz665i00J+RPeV8/nmGiFg==</latexit><latexit sha1_base64="vYAMgp2yLMBYdhW2RCy/j01oAjI=">AAACHnicbVDLSgMxFM34rPVVdekmWARXZaYguiy4cVnBPqAtJZPeaUOTzJjcKZTSL3Hjr7hxoYjgSv/GTNuFtl4IOZx7z03OCRMpLPr+t7e2vrG5tZ3bye/u7R8cFo6O6zZODYcaj2VsmiGzIIWGGgqU0EwMMBVKaITDm6zfGIGxItb3OE6go1hfi0hwho7qFi6r7qJRbBSNGMfYUGGpE4ypBW0FihFQjCkOgD6kzAypYtbmu4 WiX/JnRVdBsABFsqhqt/DZ7sU8VaCRS7ehFfgJdibMoOASpvl2aiFhfMj60HJQMwW2M5nZm9Jzx/SyP7qjkc7Y34oJU9aOVegmFcOBXe5l5H+9VorRdWcidJIiaD5/KErlzLDLivaEAY5y7ADjxoXBKR8w43JyiWYhBMuWV0G9XAocvisXK+VFHDlySs7IBQnIFamQW1IlNcLJI3kmr+TNe/JevHfvYz665i00J+RPeV8/nmGiFg==</latexit><latexit sha1_base64="vYAMgp2yLMBYdhW2RCy/j01oAjI=">AAACHnicbVDLSgMxFM34rPVVdekmWARXZaYguiy4cVnBPqAtJZPeaUOTzJjcKZTSL3Hjr7hxoYjgSv/GTNuFtl4IOZx7z03OCRMpLPr+t7e2vrG5tZ3bye/u7R8cFo6O6zZODYcaj2VsmiGzIIWGGgqU0EwMMBVKaITDm6zfGIGxItb3OE6go1hfi0hwho7qFi6r7qJRbBSNGMfYUGGpE4ypBW0FihFQjCkOgD6kzAypYtbmu4 WiX/JnRVdBsABFsqhqt/DZ7sU8VaCRS7ehFfgJdibMoOASpvl2aiFhfMj60HJQMwW2M5nZm9Jzx/SyP7qjkc7Y34oJU9aOVegmFcOBXe5l5H+9VorRdWcidJIiaD5/KErlzLDLivaEAY5y7ADjxoXBKR8w43JyiWYhBMuWV0G9XAocvisXK+VFHDlySs7IBQnIFamQW1IlNcLJI3kmr+TNe/JevHfvYz665i00J+RPeV8/nmGiFg==</latexit><latexit sha1_base64="vYAMgp2yLMBYdhW2RCy/j01oAjI=">AAACHnicbVDLSgMxFM34rPVVdekmWARXZaYguiy4cVnBPqAtJZPeaUOTzJjcKZTSL3Hjr7hxoYjgSv/GTNuFtl4IOZx7z03OCRMpLPr+t7e2vrG5tZ3bye/u7R8cFo6O6zZODYcaj2VsmiGzIIWGGgqU0EwMMBVKaITDm6zfGIGxItb3OE6go1hfi0hwho7qFi6r7qJRbBSNGMfYUGGpE4ypBW0FihFQjCkOgD6kzAypYtbmu4 WiX/JnRVdBsABFsqhqt/DZ7sU8VaCRS7ehFfgJdibMoOASpvl2aiFhfMj60HJQMwW2M5nZm9Jzx/SyP7qjkc7Y34oJU9aOVegmFcOBXe5l5H+9VorRdWcidJIiaD5/KErlzLDLivaEAY5y7ADjxoXBKR8w43JyiWYhBMuWV0G9XAocvisXK+VFHDlySs7IBQnIFamQW1IlNcLJI3kmr+TNe/JevHfvYz665i00J+RPeV8/nmGiFg==</latexit>

hr2⇡iPDG = 0.434(5) fm2
<latexit sha1_base64="sjC/H74fAB7BRU9SGKgzP59UyNQ="></latexit><latexit sha1_base64="sjC/H74fAB7BRU9SGKgzP59UyNQ="></latexit><latexit sha1_base64="sjC/H74fAB7BRU9SGKgzP59UyNQ="></latexit><latexit sha1_base64="sjC/H74fAB7BRU9SGKgzP59UyNQ="></latexit>

hr2⇡i = 6/M2 for monopole fit
<latexit sha1_base64="luoKMFNFx+tWo+0Aj1mRv5OSINg=">AAACHXicbZDLSsNAFIYnXmu9RV26GWwFVzUJom6Eghs3QgV7gaYtk+mkHTqZCTMToYS+iBtfxY0LRVy4Ed/GaZqFtp7Vz/efwznnD2JGlXacb2tpeWV1bb2wUdzc2t7Ztff2G0okEpM6FkzIVoAUYZSTuqaakVYsCYoCRprB6HrqNx+IVFTwez2OSSdCA05DipE2qGeflX2G+IARKHupH9NJ14O+nJEreH562/XKMBQSRoKLWBgaUt2zS07FyQouCjcXJZBXrWd/+n2Bk4hwjRlSqu06se6kSGqKGZkU/USRGOERGpC2kRxFRHXS7LsJPDakn90QCq5hRn9PpChSahwFpjNCeqjmvSn8z2snOrzspJTHiSYczxaFCYNawGlUsE8lwZqNjUBYUnMrxEMkEdYm0KIJwZ1/eVE0vIpr9J1Xqnp5HAVwCI7ACXDBBaiCG1ADdYDBI3gGr+DNerJerHfrY9a6ZOUzB+BPWV8/zCSgbQ==</latexit><latexit sha1_base64="luoKMFNFx+tWo+0Aj1mRv5OSINg=">AAACHXicbZDLSsNAFIYnXmu9RV26GWwFVzUJom6Eghs3QgV7gaYtk+mkHTqZCTMToYS+iBtfxY0LRVy4Ed/GaZqFtp7Vz/efwznnD2JGlXacb2tpeWV1bb2wUdzc2t7Ztff2G0okEpM6FkzIVoAUYZSTuqaakVYsCYoCRprB6HrqNx+IVFTwez2OSSdCA05DipE2qGeflX2G+IARKHupH9NJ14O+nJEreH562/XKMBQSRoKLWBgaUt2zS07FyQouCjcXJZBXrWd/+n2Bk4hwjRlSqu06se6kSGqKGZkU/USRGOERGpC2kRxFRHXS7LsJPDakn90QCq5hRn9PpChSahwFpjNCeqjmvSn8z2snOrzspJTHiSYczxaFCYNawGlUsE8lwZqNjUBYUnMrxEMkEdYm0KIJwZ1/eVE0vIpr9J1Xqnp5HAVwCI7ACXDBBaiCG1ADdYDBI3gGr+DNerJerHfrY9a6ZOUzB+BPWV8/zCSgbQ==</latexit><latexit sha1_base64="luoKMFNFx+tWo+0Aj1mRv5OSINg=">AAACHXicbZDLSsNAFIYnXmu9RV26GWwFVzUJom6Eghs3QgV7gaYtk+mkHTqZCTMToYS+iBtfxY0LRVy4Ed/GaZqFtp7Vz/efwznnD2JGlXacb2tpeWV1bb2wUdzc2t7Ztff2G0okEpM6FkzIVoAUYZSTuqaakVYsCYoCRprB6HrqNx+IVFTwez2OSSdCA05DipE2qGeflX2G+IARKHupH9NJ14O+nJEreH562/XKMBQSRoKLWBgaUt2zS07FyQouCjcXJZBXrWd/+n2Bk4hwjRlSqu06se6kSGqKGZkU/USRGOERGpC2kRxFRHXS7LsJPDakn90QCq5hRn9PpChSahwFpjNCeqjmvSn8z2snOrzspJTHiSYczxaFCYNawGlUsE8lwZqNjUBYUnMrxEMkEdYm0KIJwZ1/eVE0vIpr9J1Xqnp5HAVwCI7ACXDBBaiCG1ADdYDBI3gGr+DNerJerHfrY9a6ZOUzB+BPWV8/zCSgbQ==</latexit><latexit sha1_base64="luoKMFNFx+tWo+0Aj1mRv5OSINg=">AAACHXicbZDLSsNAFIYnXmu9RV26GWwFVzUJom6Eghs3QgV7gaYtk+mkHTqZCTMToYS+iBtfxY0LRVy4Ed/GaZqFtp7Vz/efwznnD2JGlXacb2tpeWV1bb2wUdzc2t7Ztff2G0okEpM6FkzIVoAUYZSTuqaakVYsCYoCRprB6HrqNx+IVFTwez2OSSdCA05DipE2qGeflX2G+IARKHupH9NJ14O+nJEreH562/XKMBQSRoKLWBgaUt2zS07FyQouCjcXJZBXrWd/+n2Bk4hwjRlSqu06se6kSGqKGZkU/USRGOERGpC2kRxFRHXS7LsJPDakn90QCq5hRn9PpChSahwFpjNCeqjmvSn8z2snOrzspJTHiSYczxaFCYNawGlUsE8lwZqNjUBYUnMrxEMkEdYm0KIJwZ1/eVE0vIpr9J1Xqnp5HAVwCI7ACXDBBaiCG1ADdYDBI3gGr+DNerJerHfrY9a6ZOUzB+BPWV8/zCSgbQ==</latexit>

hr2⇡i = 0.42(2) fm2
<latexit sha1_base64="6trZxNuNR/j4jdnKMDdoRKunXm4="></latexit><latexit sha1_base64="6trZxNuNR/j4jdnKMDdoRKunXm4="></latexit><latexit sha1_base64="6trZxNuNR/j4jdnKMDdoRKunXm4="></latexit><latexit sha1_base64="6trZxNuNR/j4jdnKMDdoRKunXm4="></latexit>

(monopole fit, z-expansion)
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hr2⇡i = �6
dF⇡(Q2)

dQ2
|Q2=0

<latexit sha1_base64="g5WmR6gup0pte5XKKPStKKeqo6o="></latexit><latexit sha1_base64="g5WmR6gup0pte5XKKPStKKeqo6o="></latexit><latexit sha1_base64="g5WmR6gup0pte5XKKPStKKeqo6o="></latexit><latexit sha1_base64="g5WmR6gup0pte5XKKPStKKeqo6o="></latexit>

The e↵ective radius r2eff (Q
2) =

6(1/F⇡(Q2)� 1)

Q2
is constant for all Q2

<latexit sha1_base64="DA+9vJ+tDZOs9mnLakiZ/WDk2wk=">AAACWXicbZFBT9wwEIWdtNDtltKlHHux2EVaDoUkh5ZLJaRKVY8gsYC0WaKJM2EtHNuyHaQoyp/soVLVv8IBb9hDC8zp03sz8sxzrgW3Lor+BOGr1xubbwZvh++23m9/GO18vLCqNgxnTAllrnKwKLjEmeNO4JU2CFUu8DK//b7yL+/QWK7kuWs0Liq4kbzkDJyXspE+XyLFskTm+B1SAwWvLZ2kBbdaQGNdI7yatb6lu06mZ9 fJwbe0NMBa+oVO46MfWZtq3vXG5/igaz10E8otZUpaB9LRUhkKQtCJtyY0G42jw6gv+hziNYzJuk6z0a+0UKyuUDomwNp5HGm3aME4zgR2w7S2qIHdwg3OPUqo0C7aPpmO7nul6DcolV+lV/+daKGytqly31mBW9qn3kp8yZvXrjxetFzq2qFkjw+VtaBO0VXMtODGRyoaD8AM97tStgSfm/OfMfQhxE9Pfg4XyWHs+SwZnyTrOAbkE9kjUxKTr+SE/CSnZEYY+U3ug41gM/gbBuEgHD62hsF6Zpf8V+HuA7D7sJ4=</latexit><latexit sha1_base64="DA+9vJ+tDZOs9mnLakiZ/WDk2wk=">AAACWXicbZFBT9wwEIWdtNDtltKlHHux2EVaDoUkh5ZLJaRKVY8gsYC0WaKJM2EtHNuyHaQoyp/soVLVv8IBb9hDC8zp03sz8sxzrgW3Lor+BOGr1xubbwZvh++23m9/GO18vLCqNgxnTAllrnKwKLjEmeNO4JU2CFUu8DK//b7yL+/QWK7kuWs0Liq4kbzkDJyXspE+XyLFskTm+B1SAwWvLZ2kBbdaQGNdI7yatb6lu06mZ9 fJwbe0NMBa+oVO46MfWZtq3vXG5/igaz10E8otZUpaB9LRUhkKQtCJtyY0G42jw6gv+hziNYzJuk6z0a+0UKyuUDomwNp5HGm3aME4zgR2w7S2qIHdwg3OPUqo0C7aPpmO7nul6DcolV+lV/+daKGytqly31mBW9qn3kp8yZvXrjxetFzq2qFkjw+VtaBO0VXMtODGRyoaD8AM97tStgSfm/OfMfQhxE9Pfg4XyWHs+SwZnyTrOAbkE9kjUxKTr+SE/CSnZEYY+U3ug41gM/gbBuEgHD62hsF6Zpf8V+HuA7D7sJ4=</latexit><latexit sha1_base64="DA+9vJ+tDZOs9mnLakiZ/WDk2wk=">AAACWXicbZFBT9wwEIWdtNDtltKlHHux2EVaDoUkh5ZLJaRKVY8gsYC0WaKJM2EtHNuyHaQoyp/soVLVv8IBb9hDC8zp03sz8sxzrgW3Lor+BOGr1xubbwZvh++23m9/GO18vLCqNgxnTAllrnKwKLjEmeNO4JU2CFUu8DK//b7yL+/QWK7kuWs0Liq4kbzkDJyXspE+XyLFskTm+B1SAwWvLZ2kBbdaQGNdI7yatb6lu06mZ9 fJwbe0NMBa+oVO46MfWZtq3vXG5/igaz10E8otZUpaB9LRUhkKQtCJtyY0G42jw6gv+hziNYzJuk6z0a+0UKyuUDomwNp5HGm3aME4zgR2w7S2qIHdwg3OPUqo0C7aPpmO7nul6DcolV+lV/+daKGytqly31mBW9qn3kp8yZvXrjxetFzq2qFkjw+VtaBO0VXMtODGRyoaD8AM97tStgSfm/OfMfQhxE9Pfg4XyWHs+SwZnyTrOAbkE9kjUxKTr+SE/CSnZEYY+U3ug41gM/gbBuEgHD62hsF6Zpf8V+HuA7D7sJ4=</latexit><latexit sha1_base64="DA+9vJ+tDZOs9mnLakiZ/WDk2wk=">AAACWXicbZFBT9wwEIWdtNDtltKlHHux2EVaDoUkh5ZLJaRKVY8gsYC0WaKJM2EtHNuyHaQoyp/soVLVv8IBb9hDC8zp03sz8sxzrgW3Lor+BOGr1xubbwZvh++23m9/GO18vLCqNgxnTAllrnKwKLjEmeNO4JU2CFUu8DK//b7yL+/QWK7kuWs0Liq4kbzkDJyXspE+XyLFskTm+B1SAwWvLZ2kBbdaQGNdI7yatb6lu06mZ9 fJwbe0NMBa+oVO46MfWZtq3vXG5/igaz10E8otZUpaB9LRUhkKQtCJtyY0G42jw6gv+hziNYzJuk6z0a+0UKyuUDomwNp5HGm3aME4zgR2w7S2qIHdwg3OPUqo0C7aPpmO7nul6DcolV+lV/+daKGytqly31mBW9qn3kp8yZvXrjxetFzq2qFkjw+VtaBO0VXMtODGRyoaD8AM97tStgSfm/OfMfQhxE9Pfg4XyWHs+SwZnyTrOAbkE9kjUxKTr+SE/CSnZEYY+U3ug41gM/gbBuEgHD62hsF6Zpf8V+HuA7D7sJ4=</latexit>
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Kaon form factor 
H.-T. Ding, X. Gao, A.D. Hanlon,  N. Karthik, S. Mukherjee, PP, P. Scior,  Qi Shi, S. Syritsyn, Y. 
Zhao, 

Use Breit-Frame and boosted source to reach large momentum transfer
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Summary

• Valence pion PDF is very suitable for LaMET based lattice studies  and current 
lattice results agree with and complement pion PDF obtained with global analysis

• There is good consistency between different lattice approaches for pion PDF

• First result for excited pion valence PDF show that it is much harder than
for the ground state pion

• Pion DA can be estimated from the lattice and it is very different from the asymptotic 
regime or flat form

• Pion and kaon form factor can be studied at large momentum transfer 
using lattice QCD and the first result indicate very different behavior from naïve
perturbative behavior
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Back-up: perturbative convergence at small z


